where various physical phenomena occur. To understand them, an experimental test campaign was performed by CEPEL on large scale transformers. It consisted in creating arcing in oil filled transformer tanks.
INTRODUCTION
A. GENERAL OVERVIEW Privatisation of electricity companies leads to an electricity market that becomes more and more competitive. To limit costs, companies often reduce the investments by using aging equipments and by overloading the power transformers. Oil-filled transformer explosions are then more and more frequent and they result in dangerous fires, very expensive damages and possible environmental pollution. For all these reasons, transformer explosions and their prevention are becoming a critical industrial issue.
B. POWER TRANSFORMERS AND RELATED ITEMS
A power transformer is a device that transfers electrical energy from one circuit to another by magnetic coupling. Most of the time, it is composed of windings, placed in a tank filled with oil that ensures the cooling and electrical isolation of these windings (see Figure 1 ). Transformers can go up to 10 meters long and deal with power up to 1000 MVA. Explosions were found to occur when the transformer oil loses its dielectric properties (because of age, empirical energy conservation equation. The study detailed in [5] is based on similar hypotheses and considers that the tank expansion has to absorb the volume of the gas generated by the arc. Both works concluded that the best way to avoid an explosion is to give place to oil in order to absorb the oil expansion due to the electrical arc. A more elaborated method, detailed in [6] considers a 2D geometry and a potential flow model, using a source singularity to represent the arc. This incompressible and non-viscous model allows computing the deformation of the transformer tank considered as a thin-walled infinite cylinder shell. This model, completed with some empirical laws is also used in [7] to compute the overpressures generated by different arc characteristics for different tank geometry parameters.
Computation capabilities and CFD modeling progress over the last years now allow simulating industrial type problems with efficient unsteady 3D CFD models in reasonable time.
D. PAPER CONTENTS
The aim of this paper is to present the development of such a numerical tool able to describe unsteady non uniform pressure phenomena following the arc ignition and the influence on the pressure distribution of a mechanical device that evacuates the oil in order to prevent the explosion. This simulation tool will thus have to deal with 2 phase flows, unsteady compressible and viscous flow, electromagnetic forces, thermal and gravity effects and a 3D modeling.
This paper starts with a small review of the test campaign that was performed with the CEPEL on arcing inside large scale transformers. The main physical phenomena occurring during an explosion will be experimentally highlighted. In the second section, the physical modeling is addressed in details. The numerical method used to solve the physical partial differential equations is then presented. It is based on a finite volume strategy. The simulated pressure evolutions inside the tank are then compared to the data collected during the experiments. This will validate the simulation tool. Finally, simulations are performed on an industrial 200 MVA transformer geometry to evaluate a strategy based on a quick oil evacuation to prevent transformer explosions. [8] , the tests consisted in igniting an electrical arc inside real large transformers (up to 5.3 meters long). Furthermore, since transformers explosions are very dangerous and uncontrollable, a transformer protection had to be installed during the experimental tests. This one, shown in green in Figure 2 , is based on the direct mechanical response of a Depressurization Set (DS) to the tank inner pressure induced by electrical faults. The key of success is for the protection to depressurize the tank fast enough that is to say before it explodes. The following describes the tests performed in order to check it.
NOMENCLATURE
The aims of the experimental campaign were then to:
• Understand the physical phenomena occurring after an arc ignition inside a transformer,
•
Test the efficiency of a transformer protection and understand its operation, • Obtain experimental data in order to compare them with results obtained with simulations. B. EXPERIMENTAL SETTINGS 34 live tests were performed on three standard transformers (T1, T2 and T3, see figure 2 ) with their internal equipments (windings, cables...) and equipped with various sensors. Their large sizes enabled the detailed study of the pressure non uniform distribution inside the tank. In these configurations the maximum distance between an electrical arc and the transformer protection (TP) ranged up to 8.5 meters (28 ft). These tests were also carried out to investigate the ability of a fast drain to depressurize a tank submitted to a low impedance fault by measuring physical parameters such as pressure, gas temperature, applied current, arc voltage and tank acceleration.
Experimental Set
Each transformer was equipped with a Depressurization Set (DS). An Oil and Gas Separation Tank (OGST) was used to collect the oil and flammable gases expelled out of the transformer after the TP operation (see figure 3 ). 
Experiments
To study in detail the pressure distribution and it evolution inside the tank, and to check that the protection reliability does not depend on the arc location inside the transformer tank, the electrical arcs were ignited, for each transformers, at three different locations, as shown in figure 3 : on the top cover close to the Depressurization Set location (position A), on the top cover opposite the DS location (position B), and in the lower part of the tank opposite the DS location (position C). Position C was the harshest position to test because far from the DS and near the windings. Note that the position D is shown in figure 3 , and is the location where the DS was installed. Most of the tests were carried out with electrical arcs with currents ranging from 5 to 15 kA, and fed for a duration of 83 milliseconds. This duration corresponds to the average response time of an old circuit breaker and was chosen to maximize the generated gas volume.
C. GENERATED GAS During the CEPEL test campaign, the electrical arc produced from 1 to 2.3 m 3 (35 to 88 ft 3 ) of gas. This volume, measured at atmospheric pressure and temperature is plotted as a function of the arc energy in figure 4 . The global trend (dotted curve) is drawn by the following equation:
where E is the arc energy (in J) and V the generated volume (in m 3 ).
The gas volume generated during an electrical arc is thus a logarithmic function of the arc energy, which seems in accordance with the vaporization process and especially with the saturation of the vaporization for high energy arcs.
Indeed, after the arc has vaporized almost instantaneously an important gas volume, it stays in that volume using its energy to crack the oil vapor rather than continuing directly vaporizing the oil: this results in a smoother vaporization process. It explains the vaporization saturation process.
The first stage of vaporization process is almost instantaneous and because of the oil inertia, the gas is very quickly pressurized, generating one important pressure peak.
D. WAVE PROPAGATION AND STRUCTURE INTERACTION
At the beginning of the process, when the arc occurs, the tank is sealed and the vaporization generates a high pressure increase in the gas bubble. Let us see how the pressure increase evolves. Figure 5 shows the pressure evolution at a sensor located close to the arc (position A) in the T3 transformer for an arc of 14 kA located in A during 83 ms. The different phases are detailed: after the arc ignition, the pressure locally rises and reaches a maximum level around 7 bars and then decreases back to the activation level after some milliseconds going through some secondary peaks lower than the first pressure maximum. Indeed, the shock wave, generated by the arc, propagates at a finite speed through the transformer tank, reaches the sensor with a pressure gradient of 3900 bar/s (56000 psi/s), reflects on the walls (which generates the secondary peaks) and triggers the fast drain which generates the global depressurization of the tank.
Pressure profile evolution at a single position
It can be noted that even if the arc is still fed for a long period, no other high pressure increases are noticed, this is mainly due to:
• the global depressurization induced by the drain, • the saturation of the vaporization process: the under pressure gas bubble is created almost instantaneously and the energy of the arc is then used to crack the oil vapor without increasing the pressure.
Pressure wave propagation
In figure 6 , experimental pressure profiles are displayed. Each curve shows the pressure evolution near each sensor respectively located in positions A, B and C for an electrical arc occurring in C. The displacement of the shock wave in the tank can thus be easily followed. The arc ignition located in C causes a high-pressure peak. The pressure waves propagate leading to a second delayed lower peak in B, ending in A. For each sensor, the other pressure peaks (smaller than the main peak) are due to wave reflections off the walls. It has thus been experimentally proven that pressure is not spatially uniform in the tank, and that the pressure waves propagate at a finite speed.
Geometric signature
The study of the experimental pressure curves also shows that the tank structure has a local influence on the pressure behavior.
Three tests on the same transformer are compared in figure 7 and figure 8 (same arc location, but different arc energies). The time pressure behaviors during the fault are similar; a characteristic high second peak occurs. As explained previously, the waves interact with the structure and reflected waves are generated. These secondary waves have the same pattern (the M-shape located with red rectangles in figure 8 ) meaning that the structure has a real influence on the pressure behavior. The only parameter that seems not to depend on the structure is the maximum level of pressure.
Pressure peaks amplitude
Only one main pressure peak has been noticed for each test. The pressure profiles show variations after that main peak but their magnitude remains low compared to the first pressure peak level.
Indeed, the initial energy transfer is almost instantaneous, and so is the phase change. The created gas has no time to expand and reach the pressure and temperature equilibrium with the surrounding oil. Because of the oil inertia that prevents the gas expansion, this gas gets very quickly under pressure, which generates the first very strong pressure waves.
As it is more difficult to vaporize a liquid than to crack oil vapor, the arc location would mainly remain in the gaseous phase after its ignition. The vaporization which happens after the gas bubble appearance is smoother and do not really generate physical conditions such as the ones in the very first arc instants. The secondary pressure variations are thus the result of the interacting waves and structure influence combined with the smooth gas generation influence on pressure.
The peaks range from +1.5 bar to +13 bar (+21.75 to +188.55 psi) for arc energies from 0.01 MJ to more than 2.4 MJ as shown in figure 10 . The maximum pressure seems to strongly increase with the arc energy while the energy remains in the low range. This dependence tends to weaken as the energy increases. The pressure rise is indeed the result of the strong oil vaporization that takes place in the arc very first moments, the energy transferred after while having less impact on the pressure build-up. As an illustration, the figure 9 shows that, when comparing tests for which pressure peaks respectively equal +8 bar (+116 psi) and +8.8 bar (127 psi), the maximum pressure only varies in 0.8 bar (11.6 psi) while the corresponding arc energies vary within on order 10 of magnitude (0.1 MJ and 1 MJ respectively). This is a very important statement when trying to extrapolate the pressure maximum for high energy arcs: according to the here above data, the local pressure should remain in the pressure range experienced during the CEPEL tests. 
Tank withstand
To static pressure: To check the mechanical properties of the transformers, static tests were performed before applying any low impedance fault. The withstand limit was found to be +0.7 bar (+10.15 psi) for the biggest CEPEL test transformer, T3. Therefore, this limit (+0.7 bar, +10.15 psi) has been used in this analysis as a threshold for the tank depressurization during the dynamic tests. As long as the average static pressure, inside the transformer, remains under this limit, the transformer is safe.
To dynamic pressure: Even if the local pressure measured during the dynamic tests is on average 6 or 10 times higher than the static withstand limit (Figure 9 ), no tank damage and no tank permanent deformation occurs because the pressure peaks are of high frequency. In fact, the structure can locally withstand high dynamic pressure increases thanks to the elasticity of its walls. If the pressure had remained above the static overpressure limit, the tank would have exploded. Figure 10 shows the acceleration due to the shock waves interactions with the transformer structure for an arc duration of 83 ms. The acceleration quantifies the tank movement and the fault stiffness. During these tests, for a transformer weight of 72 tons the acceleration reached more than 400 g (g = 9.81 m/s 2 i.e. 32.2 ft/s 2 ) showing that the applied faults are rather considerable. This highest acceleration is reached at the time of the creation of the electrical arc, when liquid is suddenly and intensely vaporized.
E. ACCELERATION

F. FAST DRAIN INFLUENCE ON THE PRESSURE EVOLUTION 1. Activation time
The "activation time" is the addition of the following times:
• The "pressure wave transit time" is the time required from the arc ignition, for the shock waves to propagate and reach the DS; • The inertia of the DS to operate; • And the DS burst indicator signal delay.
On average, the DS has activated after about 20 milliseconds (minimum: 4.64 ms, maximum: 45.7 ms) after the arc was ignited. Because the pressure wave propagation speed is finite, the maximum distance between the arc location and the DS is the parameter that matters the most for the DS to activate. In the worst situation, the arc occurs in the transformer lower part opposite the Depressurization Set (location C).
Depressurization time
The depressurization time is the time between the DS opening and when the pressure is definitely under the level of +0.7 bar ( +10.15 psi). It is reminded here that the level of +0.7 bar corresponds to the static pressure limit where leaks appeared on the T3 transformer during the static pressure tests. On average, the DS depressurizes the tank in 116 ms, with a minimum value of 19.7 ms, and a maximum of 347 ms. This experimentally proves the DS ability to depressurize the transformer tank within tens of milliseconds and also proves the ability of the tank to withstand dynamic pressure waves during this time.
G. CONCLUSIONS
The experiments showed that when an electrical arc occurs inside a transformer tank, it first vaporizes the surrounding oil. This gas bubble is then quickly pressurized because the liquid inertia prevents its expansion. The pressure difference between the gas bubble and the liquid oil generates dynamic pressure wave that propagates in the tank. When the pressure peak reaches the DS, it triggers the evacuation of the oil out of the transformer tank. This generates rarefaction waves that propagate through the transformer, progressively depressurizing the whole tank, thus avoiding the explosion. During the protection operation, the tanks were submitted to dynamics pressure peaks up to 14 bars abs. but did not rupture. Tanks are able to resist to very localized and dynamic pressure peaks for a very short period of time.
Besides, when subjected to static pressure (ie uniform pressure in the tank for a long period of time) above 2.2 bars, it ruptures.
This suggests that during a transformer explosion induced by an arcing, the rupture of the tank occurs when the dynamics pressure waves and their reflections builds up static pressure that stabilizes over the tank static withstand limit.
For safety reasons, no tests could be made without any protection and no explosion were experimented. Indeed, due to the large quantity of flammable oil contained in a transformer (up to 22 tons for the T3 transformer), a fire would be very difficult to control and extinguish. Moreover, it might last for days and even weeks.
The next step consists in presenting the development of a simulation tool that has been designed in order to:
• understand how the dynamic pressure waves generated by the arc can lead to the tank rupture, • perform tests which could highlight the effects of a protection based on a quick oil evacuation by comparing the pressure evolution after an electrical arc inside a protected tank to the pressure evolution for the same arcing conditions inside an unprotected tank.
PHYSICAL MODELLING A. BASIS
The experiments presented in the previous section showed that the key phenomena in transformers explosion and their prevention are first, the local pressure increase induced by the vaporization of the oil surrounding the arc and second, the pressure waves propagation. The core of the simulation tool then consists of a set a partial differential equations that govern the fluids dynamic while the other physical phenomena (viscosity, thermal effect, electromagnetic effects...) are modeled via the source terms added in the partial differential equations. Both phases (liquid/gas) are considered compressible. The thermodynamics of the two phases are carefully handled to prevent any theoretical or numerical problems. The modeling is dedicated to flows with interfaces so that both phases share a single pressure and velocity at a given point in the domain.
B. BIBLIOGRAPHY Two-phase flow models used in a compressible framework can be found in the literature, largely in the detonation field where materials are subjected to extreme pressures.
Such an approach was first used by Baer & Nunziato [9] who derived the basis of a very general compressible two-phase flow model where every phase has its own pressure and velocity to depict explosions and detonations. Their work was adapted and improved to take into account the relaxation terms in order to get back to mechanical equilibrium and handle flows with interfaces [10] [11] .
Based on that work, an asymptotic analysis was used to simplify the general model under the assumption that the mechanical equilibrium must be fulfilled instantaneously between phases in contact [12] [13] . This model was further improved to describe flows with gas/liquid interfaces, and proof was given for its ability to accurately describe pressure wave propagation within two-phase flows [14] [15] [16] .
C. HYDRODYNAMIC GLOBAL MODEL
The following equations are used to theoretically and numerically describe the local physical phenomena:
In equation (1), the terms Φ u g , Φ E g , Φ u µ , Φ E µ and Φ E T describe the effects of gravity (g), viscosity (µ), and thermal effects (T) on the phase velocity and energies. These terms are defined in section E of this chapter.
D. THERMODYNAMICS CLOSURE
Each fluid has its own thermodynamic behavior as it is described by its own Equation of State (EOS). Thus, for completeness and consistency an added thermodynamic closure links the mixture pressure to the total mixture energy. Therefore an EOS exists for the whole mixture to deal with smeared interfaces between oil and gas due to diffusion from the numerical method.
The EOS for the entire mixture is both simple and robust. It only relies on two state parameters: the polytrophic coefficient γ and the stiffness parameter . Thus, the behaviors of gasses, liquids and solids are accurately described. Also, these parameters facilitate simple calculations to determine the speed of sound in the media. Fluid Pressure and internal energy are linked by the EOS given in equation (2) . 
E. GRAVITY, VISCOUS AND THERMAL EFFECTS In the equation (1) the various terms
Φ u g , Φ E g , Φ u µ , Φ E µ and Φ E T are
defined by equation (3).
Finally, the viscous mixture stress tensor, τ = , and the deformation rate tensor, D = , are defined by equation (4).
(4)
NUMERICAL METHOD
A 3D finite element method enables numerical solutions for the PDEs described by the physical model. The third dimension can be omitted, with derivatives in the third dimension set to zero, if a 2D model is desired.
A. MESH DESCRIPTION
In order to perform numerical simulations, the physical geometry is split into small calculation cells wherein physical values are assumed to be constant throughout the cell volume. The transformer is discretized into finite volumes via an unstructured mesh. The walls, windings and transformer core are all modeled as rigid obstacles which interact with the pressure waves.
B. PDE ANALYSIS
Based on the hydrodynamic equations (1), the physical model can be written in the following compact form. .
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(5)
As with every PDE system, we can associate a Jacobian matrix to the set of equations, and the matrix of our PDE system once projected on the local coordinate system is thus:
The PDE system analysis can then be performed on this matrix to find the mathematical properties of the physical model. The eigenvalues are of utmost importance in problems of this kind. Here, we have three eigenvalues:
The orders of multiplicity are, respectively, 1, 5, and 1. It can be shown that λ 1 and λ 3 are acoustic waves (typically rarefaction waves and shocks), whereas λ 2 is a contact discontinuity. The associated Riemann problem is thus very similar to the one associated with Euler equations [17] 
A more detailed analysis shows that the dimensions of the eigenspace associated with every eigenvalue is equal to the eigenvalue's multiplicity, which means that the PDE system is hyperbolic and can be numerically solved using the usual dedicated numerical methods.
C. FINITE VOLUME SCHEME FOR CONSERVATIVE ASPECTS We then apply a Finite Volume Method onto the system over a cell Ω with a time step to ∆t derive:
The numerical scheme for the conservative part of the hydrodynamic model finally reads
Where:
The quantity describes the numerical flux at the cell boundary between cells i and j. It must be evaluated at each cell-boundary.
D. FINITE VOLUME SCHEME FOR NON CONSERVATIVE ASPECTS
The gas volume fraction behaves according to an advection equation. Several ways to handle such terms are noted in the literature, but the Godunov numerical scheme [18] for an advection equation has been chosen to solve our problem: (11) This discretization scheme is numerically robust and very stable.
E. GRAVITY, VISCOUS AND THERMAL EFFECTS
Where is any physical variable, represents any intermediate temporal state between the two instants n and n + 1.
Gravity
The gravity source terms are taken into account by a time splitting scheme. The resulting numerical scheme, based on a first order Runge-Kutta time scheme is thus:
Viscous and thermal effects
The contributions from the viscous and the thermal effects are obtained in a similar fashion as the hydrodynamic part. The associated numerical scheme is thus:
The velocity gradients and consequently the viscous stress tensor τ = ij as well as the dynamic viscosity µ ij are evaluated at each cell boundary. The evaluation method is the one used in [20] . The temperature gradients are evaluated the same way as the velocity gradients are. Note that here we do not work with the mixture temperature to compute thermal contributions due to heat conduction.
F. RIEMANN PROBLEMS AND SOLVERS
A Riemann problem consists of a Partial Differential Equation (PDE) set with initial conditions that are uniform on both sides of an initial single discontinuity. Time evolution of such problems can be described when introducing wave concepts. Details about Riemann problems, their adaptation and their solving can be found in [17] [18] [19] .
Riemann solvers
At every time step in a Finite Volume Method, there exists a variable discontinuity at cell boundaries as a natural consequence of discretization. In order to find the appropriate values of the variables at a given cell boundary, a Riemann problem must be solved using dedicated 
Dedicated Riemann solvers are divided into three main categories: Some exactly solve an exact Riemann problem (Godunov Solver [18] [19]), others exactly solve an approximate Riemann problem (VFRoe [17] , acoustic solvers [19] ), while the last category provides approximate solutions for approximate Riemann problems.
An exact solver for exact Riemann problems has been built for the working model. Following the rules detailed in [19] , when presenting the Godunov solver for Euler equations we can also build an exact solver for our model. The various state expressions can be deduced from those of [19] and are not recalled in the present document.
Boundary treatment
Boundary conditions accurately model the physical interaction between fluids and structures. Virtual cells are created just past the limit of the physical geometry, and boundary conditions are satisfied by carefully setting the values within the virtual cells.
Once the virtual cells are updated with new variables, a Riemann problem is solved at the interface between the real and the virtual cell, and the results are processed no differently than those obtained between two real cells [22] .
Several types of boundary conditions are considered in the present work: 
The inner pressure and an imposed external state is used to calculate respectively the outlet and inlet virtual states.
COMPARISONS SIMULATIONS/EXPERIMENTS
This section compares the results from the simulations with the experimental data for the same transformer geometry and arcing conditions in order to check the ability of the tool to describe transformer explosion and their prevention. Once validated, the computational tool is then used to analyze the effects on an unprotected transformer of the arcing conditions used during the experimental campaign.
A. EXPERIMENTS / SIMULATIONS: QUALITATIVE RESULT COMPARISON
Simulation results and experimental data have been compared. In this section, comparisons for tests 31 and 33 which conditions are detailed in Table 1 are displayed in Figure 15 and Figure 16 . The transformer geometry used for this study is the T3 transformer ( Experimental and numerical results regarding the pressure time evolution are similar. In both cases, the three same phases can be observed: (phase 1), a very sharp pressure rise following the arc ignition, (phase 2) a pressure drop because of the protection activation, and (phase 3) the pressure alternatively rises and decreases because of the complex wave dynamics due to the wave reflections off the transformer walls (cf. figure 15 and figure 16 ). It can be checked that in both cases the pressure gets back to the initial reference pressure. In figure 15 and figure 16 where numerical as well as experimental results are displayed, the experimental results are in accordance with the tendency exhibited in the previous sections. The computer simulated pressure profiles are very similar as well: even if the pressure maxima are not exactly the same, the chronology of the phenomena and the profile shapes are similar.
These similarities between experiments and theory confirm the geometry influence on local pressure profiles. On each profile, we can also notice that the fast drain influence causes an inner tank average pressure decrease. The pressure oscillations are due to the pressure waves (rarefaction and compression waves) which propagate back and forth in the tank interacting with the tank structure.
B. EXPERIMENTS / SIMULATION: QUANTITATIVE RESULT COMPARISON
Experimental as well as simulated pressure peaks have been quantitatively compared. In Table 2 we display this comparison for 4 tests (numbered 23, 24, 31 and 33, see conditions in Table 1 ). The relative error shows that the simulations and the experiments are in very good agreement. Regarding the comparisons between the simulation results and the experimental data, the numerical environment is thus a reliable tool to predict the consequences of a low impedance fault occurring in a transformer.
Experimental testing would be dangerous if the transformer is not protected by any protection so numerical simulations were performed instead of live tests. Figure 13 shows pressure evolutions computed for a geometry and for arcing conditions similar to those of the CEPEL test 31 (Figure 15 ). It shows that, after the arc feeding, the average pressure remains close to an equilibrium state equal to 7 bar (100 psi), much higher than the static withstand limit pressure.
Thus, during test 31, if the transformer had not been equipped with the TP, the inner average pressure would have risen up to the static overpressure withstand limit (2.2 bars, 31.9 bars). The transformer would have exploded as soon as the tank wall elasticity limits were over, i.e. as soon as the tank walls could not store any more mechanical energy due to the pressure increase.
APPLICATION TO THE PROTECTION OF A 200 MVA TRANSFORMER A. AIM OF THE STUDY
The present section thus uses the simulation tool in order to study in details the effects of a pressurised gas bubble generated by an electrical arc occurring in a usual 200 MVA transformer. Moreover, it analyses the consequences of using the strategy presented in the first section to prevent transformer tank explosion.
B. CONFIGURATIONS
The 200 MVA transformer is 5.75 m long, 3.25 m high and 2.5 m large and all the equipments of the transformers, such as bushing turrets or windings are taken into account. An electrical arc (11.5 MJ-arc generating about 3.4 m 3 of gas) ignites near a winding, generating an 11 bar abs gas bubble. Figure 2 shows the simulated evolution of the pressure inside the tank after the occurrence of the gas bubble generated by the arc. On the left side ( fig. 18a) , the transformer is equipped with the protection presented in the previous paragraph, while on the right side ( fig. 18b) , the transformer is not protected against overpressure.
C. RESULTS OF THE SIMULATIONS
When the transformer is equipped with the protection, the pressurized gas bubble creates pressure waves which propagate throughout the transformer, reflecting and otherwise interacting with the tank structure ( fig. 18b) . Within 3 ms, a large pressure peak has reached the entry of the first bushing, as shown in fig. 18b . Then the pressure wave triggers the Depressurization Set activation within about 10 ms after the gas bubble creation. This induces the rapid evacuation of fluid from the transformer tank, which thus generates rarefaction waves spreading throughout the transformer. After only 60 ms, the pressures throughout the transformer stabilize well below dangerous levels, as shown in fig. 18b . Otherwise, when the tank is not equipped with any protection system, and if it is subjected to a similar low impedance fault, the tank is exposed to very dangerous pressure levels. For instance, 30 ms after the arc occurrence, the pressure in a bushing reaches more than 10 bars abs as shown in figure 18a . Moreover, without the tank protection, the static pressure stabilizes around 6 bars abs and the transformer would violently explode (as transformer tanks are designed to withstand static pressure up to about 2.2 bars abs).
CONCLUSIONS
An experimental tests campaign was dedicated to the understanding of transformers explosion induced by electrical arcing.
Because transformer explosions are uncontrollable and lead to huge damages, the tests were performed with transformers equipped with an explosion prevention technology that reacts to dynamic pressure peaks.
The tests showed that when an electrical arc occurs in the tank, the oil surrounding the arc is quickly vaporized and the generated gas is pressurized because the liquid inertia prevents its expansion. The pressure difference between the gas bubbles and the surrounding liquid oil generates pressure waves that propagate through the oil. When the first dynamic pressure peak reached the protection, it triggered an oil evacuation that quickly depressurized the tank so that no tank rupture occurred.
During the tests, transformer tanks could withstand such high pressure peaks (up to 14 bars abs.) during several tens of milliseconds even if the static withstand limit of transformer tanks is around 2.2 bars abs.
Complementarily, the consequences of arcing inside unprotected transformers can be studied safely using computational simulations. A numerical simulation tool was developed for that purpose. In order to be efficient, it has to deal with liquid and gas and to be able to compute pressure wave propagations.
Therefore, a complete modeling for unsteady compressible two phase flows has been adapted and a finite volume method was set to solve the equations on 3D unstructured meshes. The experimental tests' results were used to validate the computer simulation tool by comparison with experiments.
Simulations were then run on a 200 MVA transformer; they highlighted the advantages of using advanced simulation tools:
• First, it gives a deep understanding of what happens during a transformer explosion. The simulation tool confirmed that when an electrical arc occurs insides a transformer tank that is not protected, the dynamic pressure waves generated by the arc propagate through the tank, reflects on the wall and progressively increases the static pressure inside the tank resulting in its rupture.
• Second, the computational tool is efficient to study the operation of explosion prevention strategies such as the ones based on a fast depressurization induced by oil evacuation. Indeed, the results showed that this fast fluid evacuation generates large rarefaction waves that propagate and depressurize the whole tank within milliseconds thus avoiding the static pressure build up that can not be withstood by the tank.
Such strategies can thus be considered an efficient first step in a global chain of protections against transformer explosion.
